This paper presents an optimal coordination of inverse definite minimum time (IDMT) 
Introduction
With the continuous increase of power demand and the change of concerning environments, the capacities of renewable energy generation systems, which are mainly connected to a distribution system, are being expanded. The wind turbine generation (WTG) is a representative renewable energy system [1, 2] . The process of high wind energy penetration requires the impact analysis of this new technology in power systems. In these terms, some countries have developed grid codes in order to establish the requirements of wind energy farms into power networks [2] . Moreover, power network planning with high wind energy penetration requires the definition of several factors, such as: the best technology to be used, the optimal number of units to be connected and the optimal size to be chosen. The wind energy industry is experiencing a strong growth in most countries in the last years. Several technical, economic and environmental benefits can be attained by connecting wind energy to distribution systems such as power loss reduction, the use of clean energy, postponement of system upgrades and increasing reliability. The doubly fed induction generator (DFIG) is currently the most commonly installed wind turbine in power systems [3] . However, due to the persistent enlargement of the power generation system including development of the WTG and its increased capacity, the level of associated short-circuit current during a fault will increase in the power system [4] .
This increased short-circuit current can have a negative effect on the entire power grid including the WTG with respect to the protective coordination between directional overcurrent relays (DOCR). Since the coordination time interval (CTI) cannot be guaranteed if the fault current flowing through any protective device is changed, protective coordination will be lost and the unacceptable operation of protective devices may occur.
This may lead to a large damage in the system and decrease the system reliability. The DOCRs are usually placed at both ends of each line and their coordination is an important aspect in the protection system design. Relay coordination problem is to determine the sequence of relay operations for each possible fault location so that faulted section is isolated, with sufficient coordination margins, and without excessive time delays. This sequence selection is a function of power network topology relay characteristics and protection philosophy.
A number of technical papers have been published dealing with the impact of Distributed Generators (DG) on distribution network protection. Blinding of overcurrent relays is described in [5, 6] , where the authors present the theoretical foundation of blinding, and in [7, 8] , the authors present simulations results to demonstrate scenarios where the problem may occur. The concept of false tripping of a feeder presented in [5, 9] , the authors demonstrate the problem using examples and suggest the implementation of directional protection to overcome the problem. An increase and decrease in short circuit levels, undesirable network islanding and out of-synchronism reclose is investigated in [10] . However, when a fault occurs in a distribution network, it is important to quickly locate the fault by identifying either a faulty bus or a faulty line section in the network [11] [12] .
The optimal coordination of overcurrent relays in distribution systems with DG based on differential evolution algorithm (DEA) is presented in [13] and based on Discrete Differential Evolution Algorithm (D-DEA) in [14] . The application of Multi-Agent System (MAS) for protection coordination of radial systems in the presence of DG is presented in [15] . However the general impact of wind energy on overcurrent protection is presented in [16] and [17] . The impact of WTG equipped with DFIG on distance relay in the presence of three phase faults is highlighted in [18] and [19] . The WTG system sizing considering voltage regulation and DOCR coordination is pointed out in [20] .
This paper presents the solution of the coordination problem of DOCR in the presence of wind energy farms with DFIG using PSO. The original PSO algorithm is enhanced in order to handle the constraint violation problem using penalty function. The problem is formulated as a non linear mixed integer constrained mono-objective optimization problem. The new ideas proposed in this paper are the impact of the WEF devices on the short-circuit current by taking into account the relay curve characteristic as a decision variable of the optimization problem. This characteristic is always chosen arbitrary or by trial and error method.
The remainder of this paper is presented as follows. Section 2 presents the impact of wind energy on power systems. Problem Formulation and Constraints of the optimal overcurrent relay coordination is presented in Section 3. The particle swarm optimization algorithm is presented in Section 4. Section 5 presents the case study and simulation results. The gained conclusions are presented in Section 6.
Impact of Wind Energy on Power Systems
Incorporation of great amount of distributed resources, such as wind energy, has a significant impact on power network, which are mainly related to environmental, economical and reliability aspects. Low wind penetration levels are usually accommodated in power networks considering that the network is passively controlled and operated.
Although there are several available tools to be used for wind power forecasting [21] , wind energy is still considered as a non dispatchable and not centrally planned technology. Impact of wind energy on power systems is thus focused on several issues related to security, stability, power quality and operation of power systems [22] .
-Wind energy has several impacts on power flow that could lead to reverse power flow and, as a result, power systems operation will become more complex. -Moreover, power injection by wind farms may cause power losses in the distribution systems. -All the utilities have to keep stable and reliable supply voltage to the customers within specific limits of frequency and magnitude. Connection of wind farms may result in voltage changes; consequently, some countries have defined a higher short circuit level at the connection point, normally between 20 and 25 times the wind farm capacity. -Power quality is related to voltage variation and harmonic distortion in the network. However, the incorporation of wind energy in power networks could affect the quality of the supplied voltage to the customers. To reduce this impact, nowadays, variable speed wind turbines equipped with power electronics are widely used in wind energy conversion. -Protection system is also affected by wind farms since the incorporation of wind power injection alters power flows; so that conventional protection systems might fail under fault situations. -In the past, power network was passive operated and kept up stable under most circumstances. However, this statement is no longer valid if considering an increase of wind energy penetration. Recently, new requirements for wind units have been designed in order to keep power networks stable under several disturbances, such as low voltage ride through capability.
In spite of the positive impacts of DG on system design and operation [23] , they change the original steady-state and fault current directions and values. The severity of these changes is based on the DG's location, capacity and number in distribution systems. As it is pointed out in [24] , the fault contribution from a single small DG unit may not be large; however, the aggregate contributions of a few larger units, can alter the short-circuit levels enough to cause protective devices to malfunction.
A typical case is shown in Fig. 1 . An industrial power network is fed through source G and protected by R 1 , R 2 and R 3 . Each protective device is assigned a primary function to clear faults in a specific zone and a secondary function to clear faults in the adjacent or downstream zones to the extent within the range of the device permits. In this situation, the next upstream device, or device combination, must operate to provide backup protection. When two devices operate properly in this primary/ secondary mode for any system fault, they are said to be coordinated. Proper coordination is achieved by this discrimination between successive devices. Good practice dictates that when a fault F 1 occurs, the time of operation of relay R 2 should be made larger than the time of operation of R 1 at least by a time interval called the coordination time interval (CTI). As clearly shown in Fig. 1 , R 2 will back up R 1 . It is clear that protection for distribution systems with DG (or WEF) cannot be achieved with the same philosophies that have been used to protect traditional distribution systems. At the very least, a system designed to protect distribution systems with DG should take the following into consideration. The other challenge is the variation of the short circuit current. On one hand, due to the change of the power system topology, such as losing some DGs and meshing the distributed feeder, the short circuit current would vary significantly. So the settings of the relays and the coordination of them should be adapted to the variation accordingly. However, the higher DG penetration makes it possible to operate the distribution system in an islanded mode, in which the distribution system works as a micro grid which is electrically isolated from the transmission system. When a distribution system is islanded, the fault current is lower than the fault current when the distribution system is connected to the transmission system [25] .
Problem Formulation and Constraints
The coordination of the DOCR relays is formulated as a constrained optimization problem, where the optimization function and the constraints are presented as follows:
Objective function
The aim of this function is to minimize the total operating time of all DOCR relays in the system with respect to the coordination time constraint between the backup and primary relays.
F Min
Where, t i represents the operating time of the relay i, NR represents the number of relays in the power system. For each protective relay the operating time t is defined as follows [27, 28] :
Where, t is the relay operating time (sec), TDS is the time dial setting (sec), I F is the fault current (A), I P is the pickup current (A), K CT is the ratio of the current transformer. The constants α and β depend on the characteristic curve for the IDMT directional overcurrent relay. Table 1 , defines the IEC relays characteristics. 
Optimization constraints 3.2.1 Coordination Time Interval (CTI)
During the optimization procedure, the coordination between the primary and the backup relays must be verified. In this paper, the chronometric coordination between the primary and the backup relays is expressed by the following equation:
Where, t backup and t primary are the operating time of the backup and the primary relay respectively. CTI is the minimum coordination time interval [29] .
For the electromechanical relays, the CTI value is varied between 0.30 to 0.50 sec, while for the numerical relays it is varied between 0.25 to 0.40 sec.
Time dial setting (TDS) and pickup current setting (I P )
The TDS adjusts the time delay before the relay operates when the fault current reaches a value equal to, or greater than, the relay current setting I P . 
TDS

Constraints violation handling
During the optimization process, the coordination constraint presented in (3) could be violated. In this case, the penalty function presented in equation 5 is used to penalize the violated solutions. 
Particle Swarm Optimization Algorithm
The PSO is a population based stochastic optimization technique inspired by social behavior of bird flocking and fish schooling [30] . A PSO algorithm maintains a swarm of particles, where each represents a potential solution. In analogy with evolutionary computation paradigms, a swarm is similar to a population, while a particle is similar to an individual. Each particle adjusts its trajectory towards the best its previous position attained by any member of its neighborhood or globally, the whole swarm. The particles are flown through multidimensional search space, where the position of each particle adjusted according to its own experience and that of its neighbors.
The PSO method is based on a population of particles. Each particle in the swarm memorizes its current position in the research space, its velocity, its best position pbest, and the best position found by the swarm gbest. The displacement of each particle in the research space is based on its position and its velocity [31] :
Where,
s are the position of particle i in the iteration k + 1 and k, respectively. The velocity of each particle in the swarm is defined as follows: Where, c 1 and c 2 are the weighting factors, rand 1 and rand 2 are two uniform random numbers between zero and one. pbest i is the best solution of the particle i, gbest is the best solution in the swarm, and w is the weighting function defined as follows:
Where, w max and w min are the maximum and the minimum values of the weighting function. iter max and iter are the maximum number of iteration and the current iteration respectively. The main steps of the PSO algorithm are presented as follows:
a) Initial population generation: in this step the population is generated randomly between limits. Each solution is considered as pbest and the best pbest is considered as gbest. b) Objective function evaluation: the objective function value is computed for each particle. If the obtained solution is better that pbest. The pbest will take the value of the new solution. If the best value of the pbest is better than gbest, this last is substituted by this value. c) Update of solution: the placement and velocity of each particle are updated using equations 7 and 8 respectively. d) Check the stop criterion: if the maximal number of iteration is reached, the optimization is stopped and the optimal solutions are displayed.
Case Study and Simulation Results
As we mentioned above, the aim of this study is to highlight the impact of WEF on relays coordination. To overcome any coordination problem due to the WEF, the PSO technique is used in this paper. Figure 2 , presents the IEEE 8-bus test system. This system has two generators, with six buses, and seven transmission lines. The IEEE 8-bus system has a link to another network, modelled by a short circuit power of 400 MVA. Two WEF 1 and WEF 2 are connected to buses 4 and 5 respectively, where each WEF has four WTGs of 2.5 MVA. Therefore, the total power installed for each WEF is 10 MVA.
The transmission network study consists of 14 numerical DOCRs relays. In this paper, the impact of WEF on DOCRs relays is studied considering several scenarios as follows:
-SC A : without WEF, -SC B : with WEFs :
• Case 2 : WEF 1 and WEF 2. Figure 3 depicts the impact WEF on the three phase fault current (I F ) seen by the primary and backup overcurrent relays.
Impact of WEF on fault current
From Fig. 3 , we can see that the installation of WEF in power system has a great impact on the current fault, where, this last is increased with the installed WEF power.
From these results we can conclude that the installation of WEF in power system has a great impact on the current fault and therefore on the coordination time interval (CTI) of the P/B relays. Table 2 presents the optimal relays settings for the case without wind energy farms (SC A). These optimal settings are taken from [32] . Table 3 presents, the CTI values with and without WEF. From this table, we can see that although the relays are well coordinated for SC A, however, most of them (CTI value written in bold) are not coordinated in the SC B (case 1 and case 2).
Impact of WEF on IDMT relays coordination
This miss of coordination is mainly caused by the introduction of the WEF in the power system.
From these results we can conclude that the installation of WEF in the power system requires a new settings and coordination of the IDMT overcurrent relays.
Optimal relays coordination in the presence of WEF using real parameter optimization
In this case study, the PSO technique is used to overcome the relay coordination problem occurred in the presence of WEF. In this case, we have 28 real variables decision represented by the time dial setting (TDS), and the pickup current setting (I P ). The curve characteristic is not considered in the optimization process and it is fixed as IEC normal inverse.
The convergence characteristics of the PSO algorithm are presented in Fig. 4 and the new relays settings are presented in Table 4 . The new coordination time of each P/B relays are presented in Table 5 .
From Table 5 , we can remark that all P/B relays are well coordinated expect Relays 5 and 4 are still not coordinated in the two cases of SC B. Therefore, we can conclude that with the normal inverse characteristic of the relays; the coordination can't be reached, and we propose to modify the relays characteristics. 5.4 New formulation of the relays coordination problem in the presence of WEF using mixed integer optimization As can be seen in the previous section; the PSO is algorithm fails to find the relays coordination in the presence of WEF considering predefined relay characteristic (i.e. normal inverse). In this section, we propose a new formulation of the relays coordination based on mixed integer optimization.
In this case, the optimization problem has 28 real variables decision represented by the time dial setting (TDS), and the pickup current setting (I P ) and 14 integer variables decision represented by the relays characteristics (RelayType). The four relays characteristics presented in Table 1 are considered in the optimization process, and the coding of RelayType variable is presented in Table 6 . During the optimization process, the variable RelayType is limited as follows:
The PSO convergence characteristics for the mixed integer optimization of SC B are presented in Fig. 5 . Comparing figures 4 and 5, we can remark that the PSO takes less iterations number to converge in case of mixed integer optimization. The new optimal relays setting for SC B case 1 and case 2 are presented in Tables 7 and 8 . From these tables, we can see that, the objective function is well reduced compared with the real parameter optimization results. Table 9 presents the CTI values for both SC B cases and shows that all P/B relays are well coordinated. Therefore, the relays characteristic is an important parameter to ensure the relays coordination in the presence of WEF. 
Conclusions
In this paper we present an optimal relays coordination in the presence of WEF. The obtained results show that the installation of WEF in the power system has a great impact on the relay coordination. Therefore, we propose the formulation of the relays coordination problem as two constrained mono-objective optimization problems.
The first is a real parameter optimization that considers the TDS and the I P of each relay as the real variables decision of the optimization problem. The second is a mixed integer optimization problem, where the relay type is coded as an integer variable decision which is added to the previous variables. To solve these complex optimization problems, the PSO method is used for both real parameter and mixed integer optimizations.
The obtained results of the real parameter optimization show that the PSO is fails to ensure the coordination of all B/P relays. However, the mixed integer optimization shows a great capability to ensure the coordination of all P/B directional overcurrent relays in the presence of WEF. Furthermore, the objective function is well reduced compared with the real parameter optimization.
The continuity of this work will be the coordination of the overcurrent relays in the presence of WEF and FACTS devices considering several conflicting objective functions and various power system topologies using multi-objective and hybrid optimization algorithms. 
